ABSTRACT Eukaryotic chromosomes are duplicated during S phase and transmitted to progeny during mitosis with high fidelity. Chromosome duplication is controlled at the level of replication initiation, which occurs at cis-acting replicator sequences that are spaced at intervals of $40 kb along the chromosomes of the budding yeast Saccharomyces cerevisiae. Surprisingly, we found that derivatives of yeast chromosome III that lack known replicators were replicated and segregated properly in at least 96% of cell divisions. To gain insight into the mechanisms that maintain these ''originless'' chromosome fragments, we screened for mutants defective in the maintenance of an ''originless'' chromosome fragment, but proficient in the maintenance of the same fragment that carries its normal complement of replicators (originless fragment maintenance mutants, or ofm). We show that three of these Ofm mutations appear to disrupt different processes involved in chromosome transmission. The OFM1-1 mutant seems to disrupt an alternative initiation mechanism, and the ofm6 mutant appears to be defective in replication fork progression. ofm14 is an allele of RAD9, which is required for the activation of the DNA damage checkpoint, suggesting that this checkpoint plays a key role in the maintenance of the ''originless'' fragment.
A LL organisms replicate and segregate their chromosomes with high fidelity. A failure to do so can have dire consequences, e.g., cell death and mutation. One of the hallmarks of cancer is a loss of genome stability as a result of high rates of mutation and/or loss of chromosome stability. The budding yeast Saccharomyces cerevisiae provides an excellent model system for studying the molecular mechanisms that contribute to chromosome stability, including DNA replication, DNA repair, and chromosome segregation.
In addition to the inherent accuracy of the chromosome replication and segregation processes themselves, additional conserved mechanisms called checkpoints contribute to chromosome stability. Checkpoints are defined as pathways that promote cell cycle delay or arrest in response to DNA damage or mitotic spindle damage (reviewed by Foiani et al. 2000) . The cell cycle delay allows time for the error to be corrected. Checkpoints operate through signal-transduction pathways that involve proteins that sense the damage (sensors), protein kinases that transduce and amplify the signal, and effectors that mediate the response to the signal. The spindle assembly checkpoint delays the G 2 -M transition in response to improper or impaired kinetochore-microtubule attachments. Two partially redundant checkpoint pathways monitor DNA damage (the DNA damage checkpoint) and slowing or stalling of replication forks (the replication stress checkpoint) during S phase and also delay the G 2 -M transition.
DNA replication is regulated at the level of replication initiation at individual replicators. While the cis-acting replicators that direct replication initiation in budding yeast, called autonomously replicating sequence (ARS) elements, are smaller than their counterparts in many other eukaryotes, the proteins that are required for replication initiation as well as the proteins that function at the replication fork are highly conserved among eukaryotes (reviewed by Kelly and Stillman 2006) . Similarly, DNA repair proteins show a high degree of conservation across eukaryotes, as do proteins involved in sisterchromatid cohesion and chromosome condensation.
In budding yeast, ARS elements, as defined by a plasmid transformation assay, are small (,200 bp). They contain a binding site for the replication initiation protein, origin recognition complex (ORC) (Bell and Stillman 1992) ; the core of this site is the 11-bp ARS consensus sequence. During G 1 , ORC, in collaboration with Cdc6p 1 and Cdt1p, loads the six-subunit minichromosome maintenance (Mcm2-7) complex at replication origins to establish prereplication complexes (pre-RCs) that are competent in directing the initiation of DNA replication during S phase (reviewed by Sivaprasad et al. 2006) . While all ARS elements function as DNA replication origins on plasmids, some are not normally detectably active as replication initiation sites in their native chromosomal contexts. For example, only 10 of the 19 ARS elements on chromosome III initiate replication in $10% of cell cycles (Poloumienko et al. 2001) .
One puzzle resulting from the early characterization of ARS elements, and indeed from the earlier characterization of replicating DNA by electron microscopy, is the relatively high density of replication origins. In a recent genomewide study, it was estimated that S. cerevisiae replication forks moved at a mean rate of 2.9 kb/min during an S phase of 55 min, suggesting that a single replication origin that initiates early in S phase should be able to replicate $320 kb of DNA (Raghuraman et al. 2001) . However, the average spacing of active replication origins was estimated to be 40 kb in the same study, which is similar to the spacing of origins detected by electron microscopy (reviewed by Campbell and Newlon 1991) . More recent genomewide analyses based on replication timing, accumulation of single-stranded DNA in hydroxyurea (HU)-treated cells, or chromatin immunoprecipitation of pre-RC proteins show a somewhat closer spacing of potential replication origins (Wyrick et al. 2001; Macalpine and Bell 2005; Feng et al. 2006; Xu et al. 2006) . A comparative genomics approach confirmed that the majority of origins are conserved in closely related Saccharomyces species, indicating that there is selection to maintain this short inter-origin spacing (Nieduszynski et al. 2006) . These genomewide studies have all been correlated and cataloged in a database of S. cerevisiae replication origins (Nieduszynski et al. 2007 ) that lists a total of 732 potential replication origins, 325 of which have been confirmed, 275 of which are listed as likely, and 132 of which are listed as dubious. The average spacing between the 600 confirmed or likely replication origins is 20 kb. This list includes replicators that are inefficient or inactive in their normal chromosomal contexts and may also still include some false positives. However, all of these studies support the idea that replicators are present at a high density in yeast chromosomes.
To establish a link between replicators, as defined by ARS elements, and chromosome stability, as well as to examine the effects of increased inter-origin spacing, we began systematically deleting ARS elements from chromosome III. In our initial studies with a 61-kb ring derivative of chromosome III carrying two efficient replicators, ARS307 and ARS309, and one inefficient replicator, ARS308, we found that the deletion of both ARS307 and AR309 severely destabilized the ring chromosome, causing it to be lost in .20% of cell divisions (Dershowitz and Newlon 1993) . These findings suggested that replication origins are essential for chromosome maintenance. However, further experiments with the full-length chromosome III revealed that all of the active replication origins within a 164-kb region of the chromosome could be deleted with only a two-to threefold increase in the loss rate (Dershowitz et al. 2007) . Surprisingly, we were able to isolate a 142-kb fragment lacking all known replicators, which is lost in ,4% of divisions.
In this article we describe our genetic approach toward understanding the replication of this fragment lacking replicators. We isolated mutants defective in the maintenance of a 174-kb ''originless'' fragment, but proficient in the maintenance of the corresponding fragment with replication origins intact. We identified mutations in five genes that met our initial criteria. We found that the three mutations with the strongest phenotypes are likely to affect originless fragment maintenance through different mechanisms. OFM1-1 appears to disrupt an alternative initiation mechanism on the ''originless'' fragment and also have a mild initiation defect at normal origins. The ofm6 mutant is likely to have a replication fork progression defect, and ofm14 is a null allele of RAD9, which is required for the activity of the DNA damage checkpoint signal transduction pathway.
MATERIALS AND METHODS

Strains and media:
Yeast strains used in this study are listed in Table 1 . All strains were isogenic with YPH499 (Sikorski and Hieter 1989) except the chromosome fragment donor strains, which are in the CF4-16B background (Dershowitz et al. 2007) , and the Dydr217c (rad9D) strain, which is related to S288C (Brachmann et al. 1998) . YKN10 was transformed with a PCR product amplified from the Dydr217c strain to introduce the rad9DTKAN allele. YPD was prepared as described (Rose et al. 1990 ). Dropout and color assay media were purchased from U.S. Biological (recipes available upon request). Chromoductants were selected on ÀLeu ÀTrp ÀArg dropout plates containing 60 mg/ml canavanine (Sigma-Aldrich, St. Louis) and 10 mg/ml cycloheximide (Sigma-Aldrich).
Plasmids: pRS316RAD9 (a gift from N. Lowndes, National University of Ireland, Galway) was used to complement the ofm14 mutation. This plasmid was also used to construct pRS316RAD9gaprepair, which was used to rescue the rad9 allele from the ofm14 mutant. pRS316RAD9 was partially digested with NdeI, completely digested with BstEII, and filled in, and BglII linkers were added prior to recircularization. A plasmid was identified in which the 4.3-kb fragment containing the Rad9p open reading frame was deleted. Oligonucleotide synthesis and DNA sequencing were provided by the Molecular Resource Facility of UMDNJ-New Jersey Medical School (Newark, NJ).
Ofm mutant screen: YKN10 was grown to log phase in ÀLeu medium. Cells were harvested, washed in water, and resuspended in 50 mm sodium phosphate buffer, pH 7.0. Ethyl methanesulfonate (EMS; Sigma-Aldrich) was added to 3% v/v for 10 min and then neutralized with 10% sodium thiosulfate (Sigma-Aldrich). This treatment resulted in 30% survival. Cells were diluted, plated on color assay medium, and incubated at 30°for 5 days prior to visually scoring the sectoring phenotype. Colonies with elevated sectoring were streaked on color assay plates; 45 showed a heritable increase in sectoring. Cells from a red colony from each of these streaks were mated to the fragment This work ura3-52/ura3-52 lys2-801/lys2-801 trp1-D63/trp1-D63 HIS3/his3-D200 ade2-101/ade2-101 cyh2/cyh2 can1/can1 kar1-D15/kar1-D15 ARO7/aro7DTKAN OFM1-1/OFM1-1 (305; 306; 307 ; 309 ; 310) This work ura3-52/ura3-52 lys2-801/lys2-801 trp1-D63/trp1-D63 HIS3/his3-D200 ade2-101/ade2-101 cyh2/cyh2 can1/can1 kar1-D15/kar1-D15 ARO7/aro7DTKAN OFM1-1/OFM1-1 (continued ) donor strains F510-3-16 (5ORID) and F013-1-24 (0ORID), and chromoductants were selected as described above. The kar1-D15 mutation in strain YKN10 prevents efficient nuclear fusion upon mating, causing the formation of transient heterokaryons and a few diploids. In the plates used to select chromoductants, the absence of Leu and Trp selects against the recipient strains, i.e., the mutants lacking the 5ORID fragment. The presence of canavanine and cycloheximide selects against both the donor strains and against diploids because the can1 and cyh2 mutations are recessive. Rare cells with single chromosome transfers of the LEU2-and TRP1-marked 5ORID or 0ORID fragments from the donor strains into the can1 cyh2 (canavanine-and cycloheximide-resistant) recipient strain grow into colonies. Independent single colonies from these chromoduction plates were then streaked on color assay plates to score the sectoring phenotype. Of the 45 mutants, 11 showed elevated sectoring with the 5ORID fragment compared to the 0ORID fragment. Genetic analysis: Cells from red colonies of the original Ofm mutant isolates were crossed to YJT3, and diploids were selected on ÀHis ÀTyr plates. The resulting diploids were sporulated as described by Brachmann et al. (1998) , and the 5ORID This work ura3-52/ura3-52 lys2-801/lys2-801 trp1-D63/trp1-D63 HIS3/his3-D200 ade2-101/ade2-101 cyh2/cyh2 can1/can1 kar1-D15/kar1-D15 ARO7/aro7DTKAN ofm6/ofm6
This work
This work (305; 306; 307 ; 309 ; 310) This work (305; 306; 307 ; 309 ; 310) This work (305; 306; 307 ; 309 ; 310) This work ura3-52/ura3-52 lys2-801/lys2-801 trp1-D63/trp1-D63 HIS3/his3-D200 ade2-101/ade2-101 cyh2/cyh2 can1/can1 kar1-D15/kar1-D15 ARO7/aro7DTKAN RAD9/rad9 ofm14 OFM6/ofm6 (305; 306; 307 ; 309 ; 310) This work ura3-52/ura3-52 lys2-801/lys2-801 trp1-D63/trp1-D63 HIS3/his3-D200 ade2-101/ade2-101 cyh2/cyh2 can1/can1 kar1-D15/kar1-D15 ARO7/aro7DTKAN
YJT135
MATa leu2-D1 ura3-52 lys2-801 trp1-D63 his3-D200 ade2-101 cyh2 can1 kar1-D15 This work ARO7 rad9DTKAN fragment was introduced by chromoduction into each of the spores from either F510 or F510-3-16, depending on mating type. Later crosses made use of F510a4A1-4 or F510a6A6 as donor strains, which carry ADE2 rather than SUP11-1 on the 174-kb 5ORID fragment. When the heterozygous diploid derived from the original OFM1-1 isolate was sporulated, the spore viability was so poor that 2:2 segregation of the mutant phenotype could not be scored. OFM1-1 spores were identified, and subsequent backcrosses showed good spore viability and 2:2 segregation of OFM1-1.
Sensitivity to DNA-damaging agents: To assay UV sensitivity, serial dilutions of stationary cultures were spotted on YPD and exposed to ultraviolet light using either a Spectrolinker XL-1000 (Spectronics) UV source at doses of 50, 100, 150, or 200 J/m 2 or timed exposures to a germicidal lamp (General Electric, Fairfield, CT). To assay sensitivity to the other agents, either 1:5 or 1:10 serial dilutions of stationary cultures were spotted on YPD plates containing hydroxyurea (25, 50, 100, 150, or 200 mm), methyl methanesulfonate (MMS; 0.0025, 0.005, 0.01, 0.015, 0.02, or 0.03%), phleomycin (4, 8, 10, or 12 mg/ml), or camptothecin (1, 3, 10, or 20 mg/ml). All agents were purchased from Sigma-Aldrich. Plates were incubated at 30°in the dark and scored daily.
Photography: Images were acquired as TIFF files with a Nikon D-100 camera fitted with an AF Micro-Nikkor 60 mm f/2.8 D lens. Images were processed (cropped and then brightness/contrast and color balance adjusted) in Photoshop.cs v8.0 (Adobe Systems).
Analysis of replication intermediates: Cells were harvested from asynchronous cultures grown in YPD to a density of 1.5-2.0 3 10 6 /ml, and DNA was prepared as described (Theis and Newlon 1994) . Approximately 60 mg of DNA was digested with EcoRI (New England Biolabs, Beverly, MA); replication intermediates were enriched by BND-cellulose (Sigma-Aldrich) chromatography, electrophoresed on two-dimensional (2D) gels, and blotted to Nytran SuperCharge (Schleicher & Schuell, Keene, NH) as described (Theisand Newlon 2001) . ½a-
32
PdATPlabeled probes were prepared by random priming (Amersham Biosciences) and hybridized as described. Images were acquired on a Molecular Dynamics Typhoon 9410 scanner. Images were cropped, the gray-scale levels adjusted, and files saved in TIFF format using ImageQuant 5.2 (GE Healthcare). Photoshop.cs v8.0 was used to adjust the size of the images.
Plasmid stability assays: Plasmids pDK243 (one copy of ARS1), pDK412 (7 copies of ARS1), pDK368-7 (ARS1 plus seven copies of wild-type histone H4 ARS, ARS209), pDK398-7 (ARS1 plus seven copies of an inactive mutant version of ARS209) were generously provided by Doug Koshland (Carnegie Institution, Baltimore) (Hogan and Koshland 1992) . Transformants of wild type and OFM1-1 strains were grown in ÀLeu medium to log phase. The plasmid stability was determined as the percentage of plasmid-bearing cells in the culture by plating appropriate dilutions on ÀLeu and YPD plates and counting the resulting colonies. The average and standard deviations were calculated using data from three independent transformants.
Loss rate determinations: Fluctuation analyses were performed using the colony isolation method described previously (Dershowitz and Newlon 1993 ). Red colonies were tested for leucine and tryptophan auxotrophy to distinguish chromosome loss events from gene conversions and mitotic recombinations. The loss rate per division and standard deviation was calculated by the method of Lea and Coulson (1949) .
Checkpoint activation assays: Cultures were processed for Western blot analysis as described by Pellicioli et al. (1999) . a-Rad53 antibody was obtained from C. Santocanale and J. Diffley. a-Rad9 antibody was a gift from N. Lowndes. Following treatment with the primary antibody, secondary peroxidaseconjugated antibody was incubated with the Protran membrane for 1 hr and the filter was then exposed for a few minutes to Kodak XR film. To examine the DNA damage checkpoint, cells were arrested with 20 mg/ml a-factor (PRIMM, Milano, Italy); while arrested, 4-nitroquinoline 1-oxide (4-NQO; SigmaAldrich) was added to 2 mg/ml. To examine the replication stress checkpoint, cells were first synchronized with 2 mg/ml a-factor and then released into fresh medium containing 200 mm HU. FACS analysis was performed on aliquots from each of the time points as described by Foiani et al. (1994) using a Becton Dickinson FACScan.
RESULTS
The Ofm mutant screen: We initiated a study to systematically delete all the known replicators on a eukaryotic chromosome, focusing eventually on a 174-kb fragment of chromosome III containing five efficient replicators, ARS305, ARS306, ARS307, ARS309, and ARS310, and seven inefficient or inactive ones, ARS300, ARS301, ARS302, ARS303, ARS320, ARS304, and ARS308 (Dershowitz et al. 2007) . All the chromosome fragments were present in strains that were otherwise haploid; i.e., the strains are partially disomic for chromosome III (Figure 1 ). We used a colony color assay to visually screen for loss events (Hieter et al. 1985) . The basis of the assay is that ade2-101 mutants accumulate a red pigment. The ade2-101 mutation can be suppressed by the ochre-suppressor tRNA, SUP11-1, or complemented by a wild-type copy of ADE2, one or the other of which we inserted into particular chromosome III fragments $7.5 kb to the left of CEN3. Potential chromosome fragment loss events are indicated by the appearance of a red sector in a colony. Chromosome loss events are confirmed by scoring the Trp and Leu phenotypes of cells from red sectors or colonies. The deletion allele leu2D1 is present on the balancer chromosome, while the wild-type allele resides on the fragment in its natural context. The TRP1 gene, which complements the trp1-D63 mutation in the strain background, was inserted at the fragmentation site to the right of ARS310. Therefore, fragment loss events yield red sectors that are TrpÀ and LeuÀ, while loss of the SUP11-1 or ADE2 gene from the fragment by gene conversion or mitotic recombination yields red sectors that are either Trp 1 Leu 1 or Trp 1 Leu À . The 174-kb chromosome fragment with all replicators intact (the 0ORID fragment) was lost at a rate of less than once in 10,000 divisions ( Figure 2A ). Deleting the five efficient replicators on the 174-kb fragment increased the loss rate $20-fold, but this fragment was lost only about once in 700 cell divisions ( Figure 2B ). The inactive replicators associated with HML become weakly active when the early, efficient replicators ARS305 and ARS306 are deleted (Vujcic et al. 1999) , so one explanation for the stability of the 5ORID fragment is that the normally inefficient/inactive replicators become active once the efficient replicators are removed. We tested this idea by using 2D gels to examine replication intermediates of ARS301, ARS302, ARS303/ARS320, and ARS304 in the 174-kb 5ORID fragment and by removing the leftmost 32 kb of the 5ORID fragment, deleting ARS300, ARS301, ARS302, ARS303, ARS320, and ARS304. We found that ARS301 and ARS303 were partially activated in the 174-kb 5ORID fragment and that the loss rate of the doubly truncated, 142-kb 5ORID fragment was increased $15-fold compared to the 174-kb 5ORID fragment (Dershowitz et al. 2007) . However, the 142-kb 5ORID fragment was still replicated and segregated properly 98% of the time ( Figure 2C ). ARS308 is closely associated with CEN3, so it was removed by swapping CEN4 for CEN3; this substitution increased the loss rate ,2-fold ( Figure 2D ). This 142-kb chromosome fragment lacks all known replicators, yet is still replicated and segregated properly in .96% of cell divisions. This result was completely unanticipated. Furthermore, it suggests that there are at least two mechanisms contributing to the replication of the 174-kb 5ORID fragment ( Figure 2B ): activation of the inefficient/inactive replicators and a second, unanticipated mechanism that also allows replication of the 142-kb 6ORID fragment ( Figure 2D ).
We took a genetic approach to elucidate the mechanisms of replication of the 174-kb 5ORID fragment, conducting a screen for mutants defective in the maintenance of the ''originless'' chromosome fragment. We chose to start the screen with the 174-kb 5ORID fragment ( Figure 2B ) for two reasons. First, utilizing this fragment should allow the isolation of mutants that affect both mechanisms of replication: the activation of the normally inefficient/inactive replicators and the alternative mechanism(s) that maintains the 142-kb 6ORID fragment lacking these replicators. Second, the 174-kb 5ORID fragment has a relatively low loss rate, giving rise to colonies with few or no red sectors indicative of loss events; this phenotype makes a practical starting point for a visual screen for identifying colonies with increased sectoring.
Our screen consisted of two parts as outlined in Figure 3 . The first was similar to that employed by Spencer et al. (1990) to identify chromosome transmission fidelity (ctf) mutants. Our starting strain, YKN10 (Table 1) , was mutagenized with EMS, and 142,000 colonies carrying the fragment were examined for increased sectoring. A total of 45 isolates that had a heritable increase in sectoring were found. To identify those mutants that had a specific defect in the maintenance of the 5ORID fragment, as opposed to a defect in the maintenance of any chromosome, e.g., ctf mutants, we performed a secondary screen using a single chromosome transfer technique called chromoduction (Ji et al. 1993) to introduce either the original 5ORID fragment or a replicator-intact (0ORID) fragment into each of the 45 isolates. The kar1-D15 mutation prevents normal karyogamy during mating, which decreases the efficiency of diploid formation $30-fold (Vallen et al. 1992) . The mating partners form a transient heterokaryon, and, at a low frequency, single chromosomes are transferred from one nucleus to the other. With appropriate markers in the strain background and on the chromosome of interest, these rare single chromosome transfers can be selected (see materials and methods). Of the original 45 isolates, 11 had a greater sectoring rate with the 5ORID fragment compared to the 0ORID fragment (Figure 3) . We refer to these as originless fragment maintenance (ofm) mutants. An example of the Ofm À phenotype is shown in Figure 4 . Segregation analysis showed that in 9 of the 11 isolates the Ofm phenotype resulted from single-gene mutations. Of these 9 mutations, 8 were recessive and 1 was dominant. The 8 recessive mutations fell into four complementation groups (ofm2, ofm5, ofm6, and ofm14) , and segregation analysis showed that the dominant mutation is distinct from these (OFM1-1). The loss rates for the 174-kb 5ORID and 0ORID fragments were determined by fluctuation analysis (Dershowitz and Newlon 1993) in each of the mutants (Table 2 ). The loss rates of these fragments in the YKN10 parent strain were similar to the loss rates that we measured for these fragments in a different strain background in our initial study (Dershowitz et al. 2007 ). The loss rates of the 5ORID fragment in the ofm2 and ofm5 mutants were only 3-to 5-fold higher than the loss rate of the 0ORID fragment, indicating that these mutants have a rather weak Ofm phenotype. A further characterization of these two mutants will be presented elsewhere. The remaining three mutants have a robust Ofm phenotype with 80-to 400-fold higher loss rates for the 5ORID fragment than for the 0ORID fragment. The loss rate of the 5ORID fragment was elevated $7-fold relative to wild type in the ofm6 and ofm14 mutants and $50-fold in the OFM1-1 mutant. As illustrated in Table 3 , the ofm6 and ofm14 mutants are recessive because their heterozygous diploids have loss rates for the 5ORID fragment similar to the wild-type diploid. Furthermore, the two mutants complement because the loss rate of the 5ORID fragment in the double heterozygote was also similar to wild type. The loss rate of the 5ORID fragment in the heterozygous OFM1-1 diploid was elevated relative to the wild-type diploid, indicating that the OFM1-1 mutation is semidominant (Table 3) ; the loss rate in the homozygous diploid was too high for us to measure.
Ofm mutants disrupt different mechanisms of 5ORID fragment maintenance: One of the rationales for performing the screen with the 174-kb 5ORID fragment ( Figure 2B ) was the potential of isolating mutants defective in either of the two mechanisms contributing to the replication of this fragment, the activation of the inefficient/inactive replicators, or the alternative mechanism(s) that maintains the 142-kb 6ORID fragment (Figure 2D ) lacking these replicators. If a particular Ofm mutant were defective in the activation of the inefficient/ inactive replicators, then the replication of the 174-kb 5ORID fragment would be dependent solely on the alternative mechanism. Deleting the inefficient/inactive replicators from the fragment should have no effect on its maintenance since these replicators are rendered nonfunctional by the mutation. Therefore, the loss rate of the 142-kb 5ORID fragment ( Figure 2C ) in such a mutant should be the same as that of the 174-kb 5ORID fragment. Conversely, if a particular Ofm mutant is defective in an alternative mechanism, then the replication of the 174-kb 5ORID fragment would be solely dependent on the activation of the inefficient/inactive replicators. Therefore, in such a mutant, it should not be possible to recover the 142-kb 5ORID fragment, or the loss rate of this fragment would be substantially greater than the 2% rate seen in the wild-type strain. Cells from a single colony of the ofm14 mutant lacking the 174-kb 5ORID fragment were mated to donor strains carrying either the 174-kb 5ORID or the 174-kb 0ORID fragment. Individual chromoductants were selected and then streaked on color assay plates to score their sectoring phenotypes. Both fragments are marked with SUP11-1, which suppresses the ade2-101 mutation carried by the strain. Chromosome loss events were detected as red sectors on a white colony background. Representative colonies were photographed after 5 days of growth at 30°. Note the high rate of sectoring with the 5ORID fragment compared to the 0ORID fragment.
As shown in Table 2 , we failed to recover OFM1-1 chromoductants with the 142-kb 5ORID fragment, suggesting that the OFM1-1 mutation might interfere with an alternative mechanism for fragment maintenance. While we favor the hypothesis that OFM1-1 interferes with an alternative mechanism, we cannot rule out the trivial possibility that a modest increase in the loss rate of the 142-kb 5ORID fragment on top of the already high loss rate (10%) of the 174-kb 5ORID fragment in the mutant might preclude the recovery of the 142-kb 5ORID fragment.
We also found that the loss rate of the 142-kb 5ORID fragment was increased relative to the 174-kb 5ORID fragment in the ofm6 and ofm14 mutants. Therefore, the inefficient/inactive replicators contribute to the stability of the 174-kb 5ORID fragment in each of the mutants. However, the increases in loss rates were modest, threeand sevenfold in ofm6 and ofm14, respectively, resulting in loss rates of 7.7 3 10 À2 and 9.6 3 10 À2 losses/division. These modest increases in loss rate of the 142-kb 5ORID fragment make it unlikely that the primary defect of the ofm6 and ofm14 mutants is in an alternative initiation mechanism.
The average spacing between active replication origins in S. cerevisiae is $40 kb. Assuming similar fork rates and initiation times, the forks initiated at adjacent origins would converge after traveling $20 kb on average. The deletion of the five efficient origins from the 174-kb chromosome III fragment creates a situation in which a replication fork would have to travel a much longer distance than average. A single initiation event in the center of the 174-kb 5ORID fragment would require each fork to traverse 86.5 kb, while a single initiation event near one end would require a single fork to traverse nearly 174 kb. Therefore, it seems plausible that mutants with a fork progression defect would show an Ofm phenotype. It should be possible to distinguish mutants that impair the ability of the 174-kb 5ORID fragment to initiate replication from those that impair replication elongation. Mutants of the former class should be rescued by adding an efficient origin at one end while those of the latter class should not be. We chose to examine this possibility by introducing the full-length 5ORID chromosome into the Ofm mutants. This chromosome carries the same five origin deletions as the 174-kb 5ORID fragment, but also carries the origins distal to the fragmentation point: the inefficient origin, ARS313, is located at 192 kb, $20 kb distal to the fragmentation point, and the efficient origin, ARS315, is located at 225 kb (Poloumienko et al. 2001) . The full-length 5ORID chromosome was 40-fold more stable than the 174-kb 5ORID fragment in the 1,400 6 100 4.2 6 1.2 7,700 6 600 530 6 90 ofm14 1,500 6 100 19 6 4 9,600 6 800 39 6 11 rad9D 2,100 6 400 32 6 6 N D 5 3 6 9 ND, not determined. a Shown in Figure 2B ; introduced by chromoduction from F510, F510-3-16, F510a4A1-4, or F510a6A. b Shown in Figure 2A ; introduced by chromoduction from F013, F013-1-24, or F013aB2C-1C. c Shown in Figure 2C ; introduced by chromoduction from YDN293 or YDN108. d Full-length chromosome deleted for ARS305, ARS306, ARS307, ARS309, and ARS310; introduced by chromoduction from YIC129.
e Rare chromoductants were either Ura À or Trp À , indicating chromosome rearrangement, e.g., break-induced replication using the balancer chromosome to restore the sequences that had been removed by the fragmentation or had restored an origin by gene conversion. OFM1-1 and ofm14 mutants ( Table 2 ), suggesting that the presence of efficient replication origins suppresses the fragment maintenance defect in these two mutants. In contrast, in the ofm6 mutant, the full-length 5ORID chromosome was only threefold more stable than the 174-kb 5ORID fragment, and .50-fold less stable than the full length 5ORID chromosome in the wild-type strain, suggesting that the defect in ofm6 is in fork progression.
The conclusion that ofm6 has a defect in fork progression rests on the assumption that initiation at ARS313 and ARS315 is not impaired on the full-length 5ORID chromosome. While initiation on the 174-kb 5ORID chromosome fragment is difficult to address in this strain background due to the presence of identical sequences on the wild-type balancer chromosome, we did examine initiation at several origins in haploid-i.e., lacking a test fragment/chromosome-strains. Initiation at the origins ARS305, ARS315, and ARS1421 was unaffected in the ofm6 and ofm14 mutants (data not shown).
OFM1-1 mutants, however, do have a slight initiation defect. This defect is seen in neutral-neutral 2D gels (Brewer and Fangman 1987) probed for ARS305 and ARS315 ( Figure 5 ). Small Y-shaped replication intermediates (arrowheads) were detected in the OFM1-1 mutant, but not in the wild-type strain, indicating that these origins fail to fire some fraction of the time in the mutant. While both ARS elements are affected, the defect is more pronounced at ARS315. This initiation defect was also seen as a decrease in plasmid stability in OFM1-1 mutants that could be partially suppressed by the presence of multiple ARS elements on the plasmid (Table 4 ). The activity of ARS1 is decreased as reflected in the lower mitotic stabilities of pDK243 and pDK398-7 in the OFM1-1 strain compared to wild type. Having multiple copies of either ARS1 or ARS209 increased the stability of the plasmid, consistent with an initiation defect (compare pDK412 to pDK243 and pDK368-7 to pDK398-7); multiple copies of ARS209 rescued better than multiple copies of ARS1 (compare pDK368-7 to pDK412). In summary, the OFM1-1 mutation decreases initiation efficiency at all three origins examined, but the strength of the effect varies.
Some of the Ofm mutants are sensitive to DNA damage: Many mutations that disrupt aspects of DNA metabolism cause sensitivity to DNA damage (DePamphilis 2006). Therefore, we examined whether our Ofm mutants were sensitive to a variety of DNA-damaging agents (Table 5) , including MMS (alkylation of bases), UV light (pyrimidine dimer and 6-4 photo-product formation), phelomycin (double-strand break formation), camptothecin (trapped topoisomerase II intermediates), and HU (depletion of dNTP pools). The OFM1-1 mutant was slightly sensitive to MMS, while the ofm5 mutant was very sensitive to both MMS and HU and somewhat sensitive to UV. The ofm6 mutant was slightly sensitive to UV and HU. The ofm14 mutant was very sensitive to UV light, while the ofm2 mutant was somewhat sensitive. None of the mutants was sensitive to phleomycin or camptothecin.
DNA damage sensitivity can result either from an inability to repair the damaged DNA or from a failure to activate the DNA damage checkpoint (Weinert and Hartwell 1990) . In S. cerevisiae, DNA damage activates a signal transduction cascade, which results in the phosphorylation of Rad53p, a homolog of the mammalian effector kinase, Chk2p (Sanchez et al. 1996; Sun et al. 1996) . To determine if the DNA damage checkpoint was intact, the phosphorylation status of Rad53p was assessed in cells that were arrested in G 1 with a-factor and then treated with the UV mimetic, 4-NQO. Rad53p phosphorylation is indicated by a decrease in the mobility of the protein on a Western blot. The slower migrating form of Rad53p was detected after 15 min of 4-NQO treatment in wild-type cells and at all subsequent time points; the same was true of the OFM1-1, ofm2, ofm5, and ofm6 mutants, indicating that the signal transduction pathway leading to Rad53p activation is intact in these mutants ( Figure 6 ). However, the observation that no change in the mobility of Rad53p was detected at any of the time points in the ofm14 mutant indicates that this mutant failed to activate Rad53p under these conditions. As a control, we also monitored the phosphorylation of Rad53p in response to the replication stress checkpoint, which (Top) 2D gels (Brewer and Fangman 1987) probed to detect replication intermediates from ARS305 and ARS315. Abundant bubble-shaped intermediates are detected from both ARS elements in the wild-type and OFM1-1 strains. The arrowheads point to small Y-shaped intermediates (solid arrowhead, ARS305; half-solid arrowhead, ARS315). DNA isolated from the OFM1-1 strain has more small Y-shaped intermediates than DNA from the wild-type strain, especially for ARS315, indicating a slight initiation defect. (Bottom) Diagrams, drawn to scale, of the EcoRI fragments detected by the probes used; note that the ARS elements are near the center of each fragment.
functions through a signal transduction pathway that is partially redundant with the DNA damage checkpoint pathway. In this case, cells were synchronized in G 1 with a-factor and then released into medium containing the ribonucleotide reductase inhibitor, hydroxyurea. Rad53p was phosphorylated in the ofm14 mutant, as it was in the wild-type strain and the other mutants, indicating that the replication stress checkpoint was activated in response to HU (Figure 6 ).
ofm14 is an allele of RAD9: We initially attempted to complement the sectoring phenotype of the ofm14 mutant using a yeast genomic library. This was unsuccessful because the rate of mis-segregation of the 5ORID fragment (a cell with two copies of the fragment gives rise to a colony with few sectors) was greater than the probability of obtaining a complementing clone from the library. The UV sensitivity of the ofm14 mutant was tightly linked to the Ofm sectoring phenotype; the two phenotypes cosegregated in 20 tetrads dissected from a heterozygous diploid strain. To identify the gene responsible for the ofm14 phenotype, we examined a number of candidate genes for their inability to complement the ofm14 UV sensitivity. A strong candidate gene was RAD9 because it is known that Rad9p is required for Rad53p activation in response to DNA damage but is dispensable for Rad53p activation in HU-treated cells (Pellicioli et al. 1999) . The ofm14 mutant was crossed to a number of strains from the systematic deletion collection (Giaever et al. 2002) , and the resulting diploids were tested for UV sensitivity. The ofm14/Dydr217cTKAN diploid was UV sensitive (Figure 7A ), suggesting that ofm14 is an allele of RAD9. This hypothesis was confirmed by showing that RAD9 is linked to ofm14, that the UV sensitivity and the sectoring phenotype of the 174-kb 5ORID fragment of pDK368-7 (ARS1 1 ARS209 3 7) pDK398-7 (ARS1 1 mut ARS209 3 7)
Wild type 91 6 3 9 6 6 6 8 5 6 1 9 2 6 1 OFM1-1 31 6 6 7 6 6 7 9 6 6 3 3 1 6 1
Values shown are the percentage of plasmid-bearing cells (mean 6 standard deviation) in a log-phase culture grown under selection. with 20 mg/ml a-factor; after arrest, the UV mimetic, 4-nitroquinoline 1-oxide, was added to a final concentration of 2 mg/ml, and samples were taken at 0, 15, 30, 45, and 60 min; FACS analysis confirmed that cells remain blocked in G 1 . Note that only the ofm14 mutant failed to hyperphosphorylate Rad53p under these conditions, indicating that the signal transduction cascade is blocked prior to Rad53p activation. (Right, HU) log-phase cells were first synchronized in G 1 with a-factor and then released from the G 1 block into medium containing 0.2 m hydroxyurea, and samples were taken at 0, 30, 60, 120, and 180 min, except for the ofm2 time course in which samples were taken at 20, 40, 60, 90, and 120 min. Note that Rad53p was hyperphosphorylated by all the strains, indicating that the replication stress signal transduction cascade is intact. ofm14 can be complemented by a plasmid carrying RAD9 (Figure 7 , B and C), and that the deletion of RAD9 causes an Ofm phenotype (Table 2) . We cloned the rad9 ofm14 allele by gap repair (Orr-Weaver et al. 1983 ) and sequenced it. The sequence showed a single G-to-A transition at position 3191 of the open reading frame, converting codon TRP-1064, within the BRCT repeats, to a stop codon. This premature stop codon appears to cause a null allele on the basis of observations that the mutant failed to phosphorylate Rad53p in G 1 -arrested cells in response to the UV mimetic 4-NQO (Figure 6 ), that no Rad9p was detected by polyclonal antibodies on Western blots (data not shown), and that the deletion allele showed a UV sensitivity and 5ORID fragment loss rate similar to that of the ofm14 allele ( Figure 7B and Table 2 ). DISCUSSION We undertook a genetic approach to understanding the unanticipated mitotic stability of a fragment of chromosome III lacking all known efficient replicators. We isolated five different mutants in our screen. While all the mutations destabilize the 174-kb 5ORID fragment, they differ in the extent to which they also destabilize the 174-kb 0ORID fragment and, we infer, all chromosomes. Three mutations preferentially destabilize the 5ORID fragment: OFM1-1, ofm6, and ofm14 (Table 2) . Because the ofm14 mutant was sensitive to UV irradiation in addition to destabilizing the 5ORID fragment, we were able to cross the ofm14 mutant to various strains known to be UV sensitive from the yeast knockout collection and score UV sensitivity, i.e., noncomplementation, in the resulting diploids. The rad9D (ydr217CD) failed to complement the ofm14 mutation as shown by the UV sensitivity of the diploid. Linkage analysis and complementation of both the UV sensitivity and 174-kb 5ORID fragment loss phenotypes of the ofm14 mutant by a RAD9 plasmid confirmed that ofm14 is an allele of RAD9 (Figure 7 and Table 2 ).
How might rad9 mutations result in an Ofm phenotype? RAD9 is part of the DNA damage response signal transduction pathway. RAD9 is required for the MEC1/ TEL1-dependent autophosphorylation of Rad53p in response to DNA damage (Gilbert et al. 2001; Sweeney et al. 2005; Ma et al. 2006) . RAD53 is homologous to the effector kinases in the DNA damage response pathways of other organisms, e.g., CHK2 in humans and cds1 in Schizosaccharomyces pombe (reviewed by Melo and Toczyski 2002) . Rad53p kinase activity is required for cell cycle arrest and the induction of DNA damage repair activities (Allen 1994; Weinert et al. 1994) . RAD53 is also required to stabilize replication forks that encounter template damage (Lopes et al. 2001; Sogo et al. 2002) and to delay the activation of late-firing or dormant origins in response to both DNA damage and hydroxyurea-induced nucleotide depletion (Santocanale and Diffley 1998; Shirahige et al. 1998; Santocanale et al. 1999) .
One hypothesis that could account for the Ofm phenotype of the rad9 ofm14 mutant is that Rad9p stabilizes stalled forks or aids in the restart of collapsed forks. When a replication fork is blocked upon encountering endogenous DNA damage, a fork initiated at an adjacent origin can complete replication of the region beyond the damage; as the number of active origins decreases, the probability becomes low that there will be an active origin beyond the damage, making DNA damage checkpointdependent fork stabilization and restart increasingly important for the completion of replication. This model is consistent with the observation that deletion of RAD9 caused destabilization of a replicator-deficient yeast artificial chromosome (van Brabant et al. 2001) .
However, this simple arrest/restart model does not explain one important phenotype of the ofm14 mutant. -UV sensitivity of ofm14, rad9D, and ofm14/rad9D strains and complementation of both the sectoring phenotype and UV sensitivity of ofm14 by pRS316RAD9. (A) Serial fivefold dilutions of the indicated strains were spotted on YPD plates. The wild-type and ofm14 strains are in the YKN10 background, the rad9D strain is from the yeast deletion collection (S288C-related background), and the diploid is the product of the mating of the two. The plate on the right was UV-irradiated while that on the left was not. As seen in the second row, rad9D fails to complement the UV sensitivity of ofm14. (B, top) Serial fivefold dilutions of the haploid wild-type, ofm14, and rad9D strains in the YKN10 background. Plate on the right was UV irradiated while that on the left was not. Note that the ofm14 and rad9D mutants show similar UV sensitivities when in the same strain background. (Bottom) Serial fivefold dilutions of the ofm14 haploid transformed with pRS316RAD9 or pRS416 alone. pRS416 is a derivative of pRS316 (Sikorski and Hieter 1989) with minor modifications in the polylinker and the lacZ gene (Brachmann et al. 1998) . (C) Complementation of the ofm14 sectoring phenotype by pRS316RAD9. Representative colonies of an ofm14 strain carrying the 174-kb 5ORID fragment transformed with pRS316RAD9 or pRS416 were photographed after 5 days of growth at 30°on Àuracil limiting adenine plates.
The arrest/restart model predicts that the 174-kb 5ORID fragment and the full-length 5ORID chromosome should have similar loss rates because the originless region in the full-length 5ORID chromosome is slightly longer than the 174-kb 5ORID fragment. In both cases, the replication of a region distal to a blocked fork would depend on a fork initiated at the inefficient/inactive ARS elements flanking HML or by some other mechanism. In contrast to this expectation, the loss rate of the fulllength 5ORID chromosome in the ofm14 mutant was only fourfold higher than the loss rate of this chromosome in the wild-type strain (Table 2) . Therefore, even in the ofm14 mutant, it seems likely that a fork can successfully traverse the 225 kb from ARS315, or the 192 kb from ARS313, to the left end of the chromosome. This finding is also consistent with our failure to detect the phosphorylation-dependent mobility shift of Rad53p on Western blots from a wild-type strain carrying the 174-kb 5ORID fragment (M. Lopes, M. Foiani and C. Newlon, unpublished observations), although if Rad53p were activated only in those cells that lose the fragment (1 loss/ 700 cell divisions), it possible that the mobility shift could not have been detected. A second inconsistency with the arrest/restart model is that Rad9p is not required for activation of Rad53p in response to HU treatment, which inhibits ribonucleotide reductase and is widely used to induce replication stress (Pellicioli et al. 1999) . This inconsistency depends on the extent to which the slowmoving forks induced by HU treatment actually mimic replication forks stalled by physiological processes or DNA damage. It remains a possibility that the forks initiated at an efficient origin like ARS315 are of better ''quality'' than those initiated on the 5ORID fragment; i.e., they are less prone to collapse. This possibility could be tested by examining the components moving with the replication fork by a chromatin immunoprecipitation (ChIP)-on-chip experiment utilizing a strain carrying the 5ORID fragment with a balancer chromosome III from Saccharomyces carlsbergensis.
In addition to its clearly defined role in activation of the DNA damage checkpoint, recent work has strongly suggested a role for Rad9p in the recombinational repair of double-strand breaks during G 2 in S. cerevisiae (Toh et al. 2006) . These findings are consistent with experiments in S. pombe that indicate a similar role for crb2, the ortholog of RAD9 (Caspari et al. 2002) . RAD52 is required for homologous recombination in S. cerevisiae. On the basis of our finding that deletion of rad52 had very little effect on the loss rate of the 174-kb 5ORID fragment (Dershowitz et al. 2007) , it is unlikely that the loss of Rad9p activity in recombinational repair is the basis of the Ofm phenotype of the rad9 ofm14 mutation. We have not yet identified the mutant gene in either ofm6 or OFM1-1. The defect in ofm6 appears to be in fork progression. This conclusion is based on the observation that the loss rate of the full-length 5ORID chromosome is only threefold lower than that of the 5ORID fragment in the ofm6 strain. The defect in OFM1-1 appears to be in an alternative initiation mechanism on the basis of the observation that we failed to recover the 142-kb 5ORID fragment in this mutant (Table 2) . We have also shown by 2D gel analysis that the OFM1-1 mutant has a slight initiation defect at normal origins ( Figure 5) . The defect appears to be more severe at ARS315 than at ARS305. In addition, the plasmid stability assay indicates an initiation defect at ARS1 (Table 4) . Because there is an initiation defect in all three origins examined, we suggest that the OFM1-1 mutation confers a general initiation defect at normal origins. As expected for an initiation defect, we found that an ARS1 plasmid carrying seven copies of ARS209 (Hogan and Koshland 1992) was stable in the mutant, while a plasmid carrying seven copies of a mutant derivative of ARS209 was as unstable as a plasmid carrying only ARS1 (Table 4) .
At this point, it is not clear what the relationship is between the defect in the alternative initiation mechanism and the mild initiation defect at normal origins. It is interesting to note, however, that the orc2-1 mutant behaves similarly to the OFM1-1 mutant. At the permissive temperature, orc2-1 strains show decreased stability of ARS1-and ARS209-based plasmids (Dillin and Rine 1997; Dershowitz et al. 2007 ) and an initiation defect at ARS1 (Fox et al. 1995; Liang et al. 1995; Dillin and Rine 1997) . In addition, the loss rate of the 174-kb 5ORID fragment is elevated fivefold in the orc2-1 mutant, and the 142-kb 5ORID fragment could not be recovered (Dershowitz et al. 2007 ). These observations are consistent with the hypothesis that the normal replication machinery plays a role in the alternative initiation mechanism, although at this point we cannot rule out the possibility that the elevated fragment loss rates in the orc2-1 mutant are due to ORC's role in cohesinindependent sister-chromatid cohesion (Shimada and Gasser 2007) .
In summary, we have utilized a genetic screen to try to understand the replication of a fragment of chromosome III lacking known replicators. We isolated mutations in three different genes that preferentially destabilize the 5ORID fragment compared to the 0ORID fragment: OFM1-1, ofm6, and ofm14. Taking advantage of the UV sensitivity of the ofm14 mutant, we were able to show that ofm14 is an allele of rad9, implicating the DNA damage checkpoint in the maintenance of the 5ORID fragment. Additional mutants in the DNA damage checkpoint pathway also show an Ofm phenotype (our unpublished results). We are currently focusing on identifying the genes mutated in the ofm6 and OFM1-1 strains. These mutations appear to affect different aspects of fragment maintenance. The ofm6 mutation appears to affect fork progression on the basis of similar loss rates for the 174-kb 5ORID fragment and the full-length 5ORID chromosome. While the OFM1-1 mutation does increase the loss rate of the full-length 5ORID chromosome, it increases the loss rate of the 174-kb 5ORID fragment much more dramatically. We believe that further characterization of these mutants and the ''originless'' chromosome fragments will lead to interesting insights into links between DNA replication and genome stability.
